Arabidopsis plants possess a composite AtLKR/SDH locus encoding two different polypeptides involved in lysine catabolism: a bifunctional lysine-ketoglutarate reductase/saccharopine dehydrogenase (LKR/SDH) enzyme and a monofunctional SDH enzyme. To unravel the physiological significance of these two enzymes, we analyzed their subcellular localization and detailed biochemical properties. Sucrose gradient analysis showed that the two enzymes are localized in the cytosol and therefore may operate at relatively neutral pH values in vivo. Yet while the physiological pH may provide an optimum environment for LKR activity, the pH optima for the activities of both the linked and non-linked SDH enzymes were above pH 9, suggesting that these two enzymes may operate under suboptimal conditions in vivo. The basic biochemical properties of the monofunctional SDH, including its pH optimum as well as the apparent Michaelis constant (K m ) values for its substrates saccharopine and nicotinamide adenine dinucleotide at neutral and basic pH values, were similar to those of its SDH counterpart that is linked to LKR. Taken together, our results suggest that production of the monofunctional SDH provides Arabidopsis plants with enhanced levels of SDH activity (maximum initial velocity), rather than with an SDH isozyme with significantly altered kinetic parameters. Excess levels of this enzyme might enable efficient flux of lysine catabolism via the SDH reaction in the unfavorable physiological pH of the cytosol.
In both plant and animal cells, excess Lys is catabolized into Glu and acetyl-coenzyme A via the ␣-amino adipic acid pathway ( Fig. 1) (Markovitz et al., 1984; Galili, 1995) . The first enzyme in the Lys catabolic pathway, Lys-ketoglutarate reductase (LKR), condenses Lys and ␣-ketoglutarate into saccharopine. The second enzyme, saccharopine dehydrogenase (SDH), converts saccharopine into ␣-amino adipic semi-aldehyde and Glu (Markovitz et al., 1984; Goncalves-Butruille et al., 1996) . Lys catabolism plays an important physiological role in both mammals and plants. In humans, the genetic disease familial hyperlysinemia, which causes mental retardation, is associated with reduced LKR activity (Markovitz et al., 1984) . The molecular basis for this defect is yet unknown, but LKR activity was shown to be significantly up-regulated during embryonic development of rat brain (Rao et al., 1992) . The level of LKR in plants was shown to be significantly upregulated in inflorescence tissues and developing seeds, as well as in response to osmotic stress (Karchi et al., 1994; Karchi et al., 1995; Tang et al., 1997; Deleu et al., 1999) . LKR activity is also stimulated by excess intracellular Lys, both in mammals and plants (Foster et al., 1993; Karchi et al., 1994; Karchi et al., 1995; Kemper et al., 1999) . The stimulation of LKR activity in plants was shown to be regulated by an intracellular signaling cascade involving Ca 2ϩ and protein phosphorylation (Karchi et al., 1995) .
The control of metabolite flux via the LKR and SDH enzymes is still unclear. In both animals and plants, these enzymes are linked on a single bifunctional polypeptide (Markovitz et al., 1984; Markovitz and Chuang, 1987; Brochetto-Braga et al., 1992; Goncalves-Butruille et al., 1996; Epelbaum et al., 1997; Gaziola et al., 1997; Tang et al., 1997; Miron et al., 2000) . Moreover, despite their physical linkage LKR and SDH possess significantly different pH optima; physiological pH values are optimal for LKR but not for SDH activity, suggesting that the in vivo metabolite flux via the SDH enzyme of LKR/SDH may be inefficient.
Metabolite flux via the ␣-amino adipic acid pathway may not be solely regulated by the bifunctional LKR/SDH enzyme. We have recently demonstrated that Arabidopsis plants possess in addition to a bifunctional LKR/SDH, a monofunctional SDH enzyme (Tang et al., 1997) . Moreover, we have also shown that these two enzymes are produced by a single composite locus and that the monofunctional SDH possesses identical amino acid sequence to the SDH domain of the bifunctional LKR/SDH (Tang et al., 1997 (Tang et al., , 2000 . The importance of the linkage between LKR and SDH and the significance of the monofunctional SDH is not clear. Kemper et al. (1998) have provided evidence suggesting that the activity of LKR may be influenced by its linked SDH domain, but whether the linkage between the two enzymes also affects SDH activity is still unknown. To study this issue further, in the present report we have compared the subcellular localization and biochemical properties of the two SDH enzymes produced by the composite LKR/SDH locus of Arabidopsis. We found that both the AtLKR/SDHp and AtSDHp polypeptides are localized in the cytosol and that the monofunctional SDH possesses similar biochemical properties to its counterpart enzyme that is linked to LKR.
RESULTS

Intracellular Localization of the Bifunctional LKR/SDH and Monofunctional SDH in Arabidopsis Cells
To unravel the physiological environment for the activity of the bifunctional AtLKR/SDHp and monofunctional AtSDHp, which are encoded by a single composite locus (Tang et al., 2000) , we analyzed their subcellular localization. To address this, we used transgenic Arabidopsis plants expressing a recombinant construct of the Arabidopsis composite AtLKR/ SDH locus (with its own promoter and introns) to which a DNA encoding three copies of the hemagglutinin (HA) epitope were fused in frame just prior to the translation stop codon. The details of these transgenic Arabidopsis plants, which produce both HA-tagged LKR/SDH and HA-tagged monofunctional SDH, are described elsewhere (Tang et al., 2000) . Extracts from stem sections containing inflorescences and developing siliques from transgenic plants harboring this recombinant construct produced both an HA-tagged bifunctional AtLKR/ SDHp and an HA-tagged monofunctional AtSDHp, which were detected with the commercial anti-HA monoclonal antibodies (Fig. 2A, lane a) . Control nontransformed plants showed no cross-reactive bands with these antibodies, confirming their specificity to AtLKR/SDHp and AtSDHp (Fig. 2A, lane b) .
The AtLKR/SDH and AtSDHp do not possess any amino acid sequence that resembles targeting peptides to plastids, mitochondria, or peroxisomes, suggesting that they may reside in the cytosol. To confirm this hypothesis, we prepared fractions containing intact chloroplasts (pelleted via a 40% percol cushion), as well as mitochondria and peroxisome (Suc gradient fractionation) (see "Materials ) were reacted in a western blot with anti-HA antibodies. B, Tissue homogenate was used for isolation of intact chloroplasts as described in "Materials and Methods." A PVDF membrane, containing proteins from the supernatant (S) and intact chloroplast fraction (IC), was subjected to two sequential western-blot analyses with antibodies to the chloroplast stroma marker protein, ClcP (left), and to the HA epitope (right). C, Tissue homogenate was used for fractionation of mitochondria and peroxisomes on 15% to 50% linear Suc gradient as described in "Materials and Methods." A PVDF membrane, containing proteins from the supernatant (S) and from individual fractions of the Suc gradient, was subjected to three sequential western-blot analyses with antibodies to the mitochondrial matrix marker protein Ser hydroxymethyltransferase (SHMT) (top), the peroxisomal marker protein glycolate oxidase (middle), and the HA epitope (bottom). The sizes of molecular mass protein markers are indicated on the left.
and Methods") from stems containing inflorescences and developing siliques of the transgenic plants expressing the HA-tagged AtLKR/SDHp and AtSDHp. Subcellular fractionation generally results in relatively low yield of intact organelles. Therefore, to detect AtLKR/SDHp and AtSDHp in any of the organelles, we used 200-fold enriched fraction of isolated chloroplasts (40% percol pellet) and 100-fold enriched fraction containing mitochondria and peroxisomes (12,000-g pellet) than that of the supernatant. Organelle enrichment was based on normalization to the original tissue weight. As shown in Figure  2B , the chloroplast stroma protein marker ClcP (Halperin and Adam, 1996; Ostersetzer and Adam, 1996) was detected only in intact chloroplasts but not in the supernatant. In contrast, AtLKR/SDHp and AtSDHp were detected only in the supernatant but not in the intact chloroplasts, showing that they are not localized in this organelle. As shown in Figure  2C , both the mitochondrial matrix protein marker, Ser hydroxymethyltransferase (Bourguignon et al., 1988) and the peroxisomal protein marker glycolate oxidase (Volokita, 1991) were highly enriched in the respective fractions 7 to 11 and fraction 12 of the Suc gradient, which are the expected densities for mitochondria and peroxisomes. Still, AtLKR/SDH and AtSDH were highly enriched in the supernatant, confirming that they were not localized in any of these two organelles.
Biochemical Properties of the Arabidopsis LKR/SDH Enzyme
To study the metabolic significance of the two AtLKR/SDHp and AtSDHp polypeptides encoded by the Arabidopsis composite LKR/SDH locus, we wished to compare the biochemical properties of these two enzymes. Because of the small size of Arabidopsis, it is quite difficult to purify sufficient levels of LKR/SDH and monofunctional SDH enzymes from this plant to allow accurate kinetic measurements. Therefore, we used yeast as an heterologous system for expression of the Arabidopsis enzymes. We first tested whether yeast is a suitable system for production of active Arabidopsis AtLKR/SDHp. To address this, yeast cells were transformed with plasmids encoding three different forms of AtLKR/ SDHp. One is a wild-type polypeptide and the other two are fused at either the N terminus or the C terminus to a His-tag epitope (see "Materials and Methods"). Purified His-tagged AtLKR/SDHp and partially purified extracts from yeast cells expressing the natural AtLKR/SDHp showed comparable catabolic LKR and SDH activities (data not shown), suggesting that: (a) the AtLKR/SDHp was folded correctly in the yeast cells to produce an active enzyme and (b) the His tags did not interfere with the LKR and SDH activities of AtLKR/SDHp. Next, the Histagged AtLKR/SDHp enzymes were purified using a nickel column. Whereas AtLKR/SDH possessing the N-terminal His tag was easily purified in large amounts, its counterpart enzyme possessing the C-terminal His tag did not, suggesting that the C-terminal His tag was masked in this bifunctional protein. Thus, for subsequent analysis of the biochemical properties of AtLKR/SDHp, we used nearly purified preparations of AtLKR/SDHp containing the N-terminal His tag. The production of the approximately 120-kD His-tagged AtLKR/SDHp in yeast cells, as well as its purification using a nickel column, are illustrated in the western-blot (using anti-His-tag antibodies) and Coomassie Blue-stained gel shown in Figure 3 , panels A and B, respectively.
LKR and SDH activities of bifunctional LKR/DH enzymes from various plant species possess different pH optima (Brochetto-Braga et al., 1992; GoncalvesButruille et al., 1996; Gaziola et al., 1997; Miron et al., 2000) . Thus, we first tested the LKR and SDH activities of AtLKR/SDHp at different pH values under conditions of excess substrate concentrations. As shown in Figure 4 , the optimal pH for LKR activity of AtLKR/SDHp was approximately pH 7.5, whereas that for SDH activity of AtLKR/SDHp was above pH 9, similarly to the maize, rice, and soybean LKR/ SDH enzymes. Next, we tested the apparent K m values of the linked LKR and SDH enzyme of AtLKR/ SDHp for their substrates. Since AtLKR/SDHp is localized in the cytosol (Fig. 2) and apparently functions at neutral pH values in vivo, we tested the apparent K m values of LKR for its substrates at its optimal pH value of 7.5. In addition, we tested the apparent K m values of SDH for its substrates at both pH values of 7 (near physiological pH) and 9 (near optimal pH of activity in vitro). As shown in Figure  5 , the LKR enzyme of AtLKR/SDHp possessed a relatively high apparent K m of 5.180 mm for Lys, a lower apparent K m of 0.272 mm for ␣-ketoglutarate, and the lowest apparent K m of 0.044 mm for NADPH (Fig. 5, A , B, and C, respectively). These values were very similar to the values observed for natural LKR/ SDH enzymes purified from maize, rice, and soybean (Brochetto-Braga et al., 1992; Goncalves-Butruille et al., 1996; Gaziola et al., 1997; Miron et al., 2000) . For example, the LKR/SDH of rice, on which a detailed apparent K m analysis for all substrates was performed, possesses apparent K m values of 4.5 mm, 0.8 mm, and 0.032 mm for Lys, ␣-ketoglutarate, and NADPH, respectively (Gaziola et al., 1997) .
The apparent K m values of SDH of AtLKR/SDHp for its substrates saccharopine and NAD were calculated to be 0.063 mm and 0.374 mm, respectively at pH 7 (Fig. 6, A and B) , as well as 0.035 mm and 0.698 mm, respectively at pH 9 (Fig. 6, C and D) . The values at pH 9 were also very similar to the apparent K m values obtained for maize, rice, and soybean LKR/ SDH enzymes, which were generally analyzed at pH 8.5 (Brochetto-Braga et al., 1992 The SDH domain of AtLKR/SDHp and the monofunctional AtSDHp are encoded by the same open reading frame of the AtLKR/SDH locus with AtSDHp translation being initiated from an internal ATG codon (Tang et al., 2000) . To test whether the SDH domain of AtLKR/SDHp and the monofunctional AtSDHp possess similar or distinct biochemical properties, we have expressed in yeast two recombinant constructs encoding only the SDH open reading frame of AtLKR/SDH. One of these constructs encoded a wild-type AtSDH polypeptide, whereas the second encoded an AtSDH containing a C-terminal His tag. Partially purified extracts containing these two enzymes possessed comparable catabolic SDH activity (data not shown), suggesting that as in the case of AtLKR/SDHp, the His tag did not interfere with the activity of AtSDH. Notwithstanding, as opposed to AtLKR/SDHp, AtSDHp with the C-terminal His tag could be easily purified to large amounts using a nickel column. Thus, for subsequent analysis of the biochemical properties of AtSDHp, we used nearly purified preparations of this His-tagged AtSDHp. The production of the approximately 63-kD His-tagged monofunctional AtSDHp in the yeast cells, as well as its purification using a nickel column are illustrated the western-blot (using anti-His-tag antibodies) and Coomassie Blue-stained gel shown in Figure 7 , A and B, respectively.
At the next stage, we tested the pH optimum for activity of the monofunctional AtSDHp under excess concentrations of substrates. As shown in Figure 8 , activity of the recombinant AtSDHp was highest at approximately pH 9, and its activity was progressively reduced with reduction in pH values. The pH-dependent activity of the monofunctional AtSDHp was very similar to that of the SDH enzyme that is linked to LKR in AtLKR/SDHp (compare with Figs. 4B and Fig. 8 ). We also tested the apparent K m values of AtSDHp for saccharopine and NAD at pH values of 7 and 9. As shown in Figure 9 , these apparent K m values were calculated to be 0.130 and 0.333 mm, respectively, at pH 7, (Fig. 9, A and B) , as well as 0.05 and 0.759 mm, respectively, at pH 9 (Fig. 9, C and  D) . These values were comparable to the values obtained with the bifunctional AtLKR/SDHp (compare with Figs. 6 and 9).
DISCUSSION
AtLKR/SDH and AtSDH Are Localized in the Cytosol and Possess Comparable in Vitro Biochemical Properties
We have previously shown that Arabidopsis possesses a composite LKR/SDH locus encoding both a bifunctional AtLKR/SDHp as well as an additional monofunctional AtSDHp (Tang et al., 1997, 2000) . To unravel the significance of the Arabidopsis monofunctional SDH, we compared its subcellular localization with that of AtLKR/SDHp and also compared its biochemical properties with those of its counterpart, which is linked to LKR. Since the small size of Arabidopsis renders this plant useless for obtaining large quantities of purified AtLKR/SDHp and AtSDHp, we used yeast as a heterologous expression system for production of these purified enzymes. Our finding that yeast can produce active AtLKR/SDHp and AtSDHp is in accordance with previous reports showing that yeast is a very useful heterologous system for biochemical and molecular characterization of large repertoire of eukaryotic proteins, including plant proteins (for example, see Schaller and Bleecker, 1995; Su et al., 1997) .
By subcellular fractionation, we showed that both AtLKR/SDHp and AtSDHp are localized neither in intact chloroplasts nor in mitochondria and peroxisomes and are therefore likely to be localized in the cytosol. This is in agreement with the fact that targeting sequences to these three organelles were found neither in AtLKR/SDHp nor in AtSDHp. Our results are also in agreement with those reported for maize LKR/SDH enzyme, which was also shown to reside in the cytosol (Kemper et al., 1999) . The cytosolic localization of plant LKR/SDH enzymes may be different from the mammalian LKR/SDH enzymes, which were suggested to be localized in the mitochondria (Blemings et al., 1994) . The significance of this differential localization has yet to be elucidated.
Our biochemical analyses showed that the monofunctional SDH possesses similar biochemical properties to those of its counterpart SDH enzyme derived from AtLKR/SDHp. These biochemical properties include similar pH optima under excess substrate concentrations (V max ) as well as similar apparent K m values for their substrates saccharopine and NAD both at the physiological and near optimal pH values of 7 and 9, respectively. These results imply that: (a) the basic activity of AtSDH may not be largely influenced by its link LKR domain, and (b) production of the monofunctional SDH essentially enhances the total level of SDH activity (V max ) in the plant rather than providing the plant with a SDH enzyme having significantly different kinetic properties than its counterpart-linked SDH enzyme.
The SDH Activities of AtLKR/SDHp and AtSDHp May Operate Suboptimally at Physiological pH
The consequence of the different pH optima of LKR and SDH (pH approximately 7.5 for LKR and pH 9 or above for SDH) in the regulation of Lys catabolism is not clear. Although the cytosolic microenvironment in which AtLKR/SDHp and AtSDHp operate in vivo may allow them to be more efficient that it appears for our in vitro results, it is likely that the cytosol offers suboptimal conditions for the two SDH enzymes than for LKR. This hypothesis is supported by previous studies (Falco et al., 1995; Mazur et al., 1999) showing that transgenic Lys-overproducing soybean plants, which lack a monofunctional SDH enzyme (Tang et al., 1997; Miron et al., 2000) , accumulate saccharopine as an intermediate product of Lys catabolism (Fig. 1) . The postulated operation of SDH at suboptimal conditions in vivo is also supported by the results of the present work, which provides for the first time detailed analysis of SDH activity at its near physiological pH. Since the SDH substrate saccharopine is derived from LKR, which is a relatively inefficient enzyme (apparent K m of approximately 5 mm for Lys at the physiological pH; see Fig. 5 ), it is likely that this metabolite represents a major limiting substrate for SDH activity. Our kinetic analysis showed that apparent K m values of the two Arabidopsis SDH enzymes for saccharopine were nearly 75% higher at pH 7 than at pH 9 (Figs. 6 and 9 ). In addition, the specific activity of these enzymes under conditions of excess concentrations of both substrates (V max ) were nearly 50% lower at pH 7 than at pH 9 (Figs. 4 and 8) .
The in vivo physiological significance of the monofunctional SDH enzyme of Arabidopsis is still not clear. Despite its operation at suboptimal pH, this enzyme is produced in excess over the bifunctional LKR/SDH in Arabidopsis plants (Fig. 2) . Thus, the relatively high expression level of this enzyme may overcome its suboptimal function resulting in enhanced flux of Lys catabolism. This presumption is supported by previous studies (Falco et al., 1995; Mazur et al., 1999) in which transgenic Lys-overproducing canola plants, which possess both a bifunctional LKR/SDH and monofunctional SDH enzymes (Tang et al., 1997; Deleu et al., 1999) , accumulate ␣-amino adipic acid (a downstream metabolite to SDH; Fig. 1 ). 
A Hypothesis for the Regulatory Significance of the Arabidopsis Composite AtLKR/SDH Locus
The regulatory significance of the linkage between LKR/SDH and the presence of an additional monofunctional SDH enzyme in some plant species are still ill defined. Kemper et al. (1998) have recently shown that the activity of maize LKR is inhibited by peptides derived from its linked SDH domain. Moreover, the activities of the maize and Arabidopsis LKR are stimulated by the ionic strength of the incubation medium (Kemper et al., 1998 ; X. Zhu, G. Tang, G. Galili, manuscript in preparation), suggesting that LKR activity is highly sensitive to conformational modulations of the LKR/SDH polypeptide. Thus, it is likely that the linkage between LKR and SDH was evolved for regulatory properties in which LKR activity is regulated by "cross-talk" interactions with its linked SDH domain. Nevertheless, the bifunctional LKR/SDH enzyme of plants is still not an optimal enzyme since it provides relatively limited levels of SDH activity to enable efficient flux of Lys catabolism. Taken together, we hypothesize that composite AtLKR/SDH locus, which encodes both a bifunctional AtLKR/SDHp and a monofunctional AtSDHp, provides a novel mechanism of metabolic regulation, enabling both a highly controlled but efficient flux of Lys catabolism.
MATERIALS AND METHODS
Materials
Wild-type and transgenic Arabidopsis plants expressing a HA epitope-tagged AtLKR/SDHp and AtSDHp (Tang et al., 1997) were grown in greenhouse conditions as previously described (Shaul et al., 1999) . The Saccharomyces cerevisiae strain 8989c (ura3, lys9) was kindly provided by Dr. Andre Pierard. Anti-pea ClcP antibodies were kindly provided by Dr. Zach Adam, anti-pea Ser hydroximethyltransferase were kindly provided by R. Douce, and anti-spinach glycolate oxidase antibodies were kindly provided by Dr. Micha Volokita. Anti-HA and anti-His monoclonal antibody was purchased from Sigma (St. Louis).
Plasmid Construction
The full-length cDNA encoding the Arabidopsis bifunctional LKR/SDH was originally cloned into the pBluescript SK Ϫ (Stratagene, La Jolla, CA) vector to generate SKAtLKR/SDH. For construction of a chimeric gene encoding AtLKR/SDHp fused at its N terminus to a tag of six His (His tag), a double-stranded oligonucleotide comprising the following two oligonucleotides 5ЈCTAGAATGCAC-CACCACCACCACCACATG3Ј, and 3ЈTTACGTGGTGGT-GGTGGTGGTGTACTTAA5Ј was used to replace the XbalEcoRI fragment of SK-AtLKR/SDH. The resulting clone was designated SK-At-His-LKR/SDH. For construction of a chimeric gene encoding AtLKR/SDHp fused at its C terminus to a His tag (SK-AtLKR/SDH-His), the double-stranded oligonucleotide comprising the following two oligonucleotides: 5ЈCCCCATCATCATCATCATCATG3Ј and 3ЈGGGG-TAGTAGTAGTAGTAGTACAGCT5Ј was used to replace the Saml-SalI fragment of SK-AtLKR/SDH. A construct encoding a monofunctional AtSDHp was obtained by PCR to introduce a XbaI site at the end of the inter-domain of SK-AtLKR/SDH or SK-AtLKR/SDH-His. The PCR products were subcloned as the Xbal-Xhol sites of SK-AtLKR/SDH to generate SK-AtSDH and SK-AtSDH-His, respectively.
All constructs were subcloned from pBluescript into the yeast expression vector pVT-102 u (Vernet et al., 1987) to generate 
Yeast Transformation and Complementation
The expression plasmids were transformed into the yeast lys9 mutant cells by lithium acetate as previously described (Ito et al., 1983) . Uracil ϩ transformants were identified on the synthetic complete uracil-free plates.
Subcellular Fractionation
Subcellular fractionation of intact chloroplasts, mitochondria, and peroxisomes was performed essentially as previously described (Gualberto et al., 1995) . Transgenic Arabidopsis plants were kept in the dark for 3 d before harvesting of stems containing inflorescences and developing siliques. For isolation of intact chloroplasts, the tissue was cut into small pieces and mixed with precooled chloroplast extraction buffer {50 mm HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-KOH, pH 7.3, 0.33 m sorbitol, 2 mm EDTA, 0.1% [w/v] bovine serum albumin} at a ratio of 10 mL/g tissue. Homogenization was conducted in a Polytron (Kinematic, Lucerne, Switzerland) set at 70% power by three 5-s bursts. The homogenate was filtered through two layers of Miracloth (Calbiochem, La Jolla, CA) into precooled polycarbonate centrifuge tubes. Chloroplasts were pelleted by centrifugation at 3,000g for 5 min at 4°C, and the pellet was gently suspended in the remaining buffer with a fine brush. The volume was increased to 4 mL, layered on top of a 16-mL cushion containing 40% (v/v) Percoll in chloroplast extraction buffer, and centrifuged at 3,000g for 5 min. The pellet containing intact chloroplasts was collected.
For subcellular fractionation of mitochondria and peroxisomes, tissue was homogenized as described above in a buffer containing 50 mm Tris-HCl, pH 7.5, 0.4 m Suc, 2 mm EDTA, 0.1% (w/v) bovine serum albumin, and 4 mm ␤-mercaptoethanol. The homogenate was centrifuged at 3,000g for 5 min at 4°C to remove debris and plastids, and the supernatant was recentrifuged at 12,000g for 20 min at 4°C to obtain a pellet containing mitochondria and peroxisomes. The pellet was gently suspended in 10 mL of extraction buffer, homogenized with a Dounce homogenizer with a loose pestle, and recentrifuged at 3,000g and 12,000g as described above. The washed pellet was gently suspended in a 1-mL extraction buffer and layered onto a 11-mL continuous 15% to 50% (w/v) Suc gradients prepared in Tris buffer (50 mm Tris, pH 7.5, 2 mm EDTA, and 0.1% [w/v] bovine serum albumin). The gradient was centrifuged for 5 h at 4°C at 250,000g in a SW40Ti rotor (Beckman Instruments, Fullerton, CA), fractionated into 1-mL fractions, and individual fractions were subjected to trichloroacetic acid precipitation.
SDS PAGE and Western-Blot Analysis
Protein extraction from Arabidopsis plants and the yeast cells, fractionation on SDS PAGE, transfer to polyvinylidene difluoride (PVDF) membrane, staining of the membrane with Coomassie Blue R, and western-blot analysis were performed essentially as previously described (Tang et al., 2000; Miron et al., 2000) . Anti-HA and anti-His monoclonal antibodies (commercially available) were used as primary antibodies for detecting the expression of epitope-tagged AtLKR/SDHp and AtSDHp in plants and yeast, respectively. Anti-pea ClpC (a regulatory subunit of the chloroplast Clp protease that is located in the chloroplast stroma) (Halperin and Adam, 1996; Ostersetzer and Adam, 1996) , anti-pea Ser hydroxymethyltransferase (a mitochondrial matrix enzyme) (Bourguignon et al., 1988) , and anti-spinach glycolate oxidase (a peroxisomal enzyme) were used for detection of the organelles possessing these proteins.
Purification of Recombinant LKR/SDH and SDH
The purification of LKR/SDH and SDH was performed as previously described (Su et al., 1997) . Frozen yeast cells (2 g) were suspended in 8 mL of 25 mm potassium phosphate buffer, pH 7.5, containing 1 mm EDTA, 5% (v/v) glycerol, and 1 mm phenylmethylsulfonyl fluoride and were broken by vortexing with glass beads for 30 min at 4°C. The crude extract was either fractionated through a G 50 column and used directly for enzymatic analysis (partially purified extracts) or purified using the His tag. For this affinity purification, the extracts were incubated with 4 mL of 80% (v/v) CL-6B sepharose (Pharmacia Biotech, Piscataway, NJ) at 4°C for 30 min and then centrifuged for 5 min at 18,000g. The supernatant was then incubated at 4°C for 30 min with 1 mL of a 50% (v/v) slurry of nickelnitrilotriacetate agarose (Qiagen USA, Valencia, CA) in nickel-nitrilotriacetate-gel buffer (25 mm potassium phosphate buffer, pH 7.5, 20 mm imidazole, 10 mm 2-mercaptoethanol, and 5% [v/v] glycerol) and centrifuged at 2,000g for 0.5 min. The column resin was washed with 20 mL of 25 mm potassium phosphate buffer, pH 7.0, 1 mm EDTA, 5% (v/v) glycerol, 300 mm NaCl, and 10 mm 2-mercaptoethanol, resuspended in 5 mL of MOPS buffer {50 mm MOPS [3-(N-morpholino) propanesulfonic acid], pH 7.5, 1 mm EDTA, and 5% [v/v] glycerol}, and transferred to a 5-mL column. The column was washed with 5 mL of MOPS buffer, and LKR/SDH and SDH were eluted with 4 mL of MOPS buffer-containing 200 mm imidazole. Column fractions with maximal LKR activity or SDH activity were pooled.
Analysis of Protein Levels and LKR and SDH Activities
Protein levels were determined by the method of Bradford (1976) . The kinetics of LKR activity were measured spectrophotometrically by determining the rate of NADPH oxidation at 340 nm for 10 min at 30°C. The activity assays included 30 g of protein from the partially purified extracts or 0.1 g of protein from the nearly purified preparations in 0.3 mL of 0.1 m potassium phosphate buffer (pH 6.0-7.5), Tris buffer (pH 8.0-9.0), or Gly buffer (pH 9.5), containing 20 mm Lys, 14 mm ␣-ketoglutarate, and 0.4 mm NADPH. One unit of LKR was defined as the amount of enzyme that catalyzes the oxidation of 1 nmol of NADPH per min at 30°C.
The kinetics of SDH activity was measured spectrophotometrically by determining the rate of NAD ϩ reduction at 340 nm for 10 min at 30°C. The activity assays included 30 g of protein from the partially purified extracts or 0.1 g of protein from the nearly purified preparation in 0.3 mL of buffers with different pH values as described above, containing 2 mm saccharopine and 2 mm NAD ϩ . One unit of SDH was defined as the amount of enzyme that catalyzes the reduction 1 nmol of NAD ϩ per min at 30°C. In all of the activity assays, controls lacking one of the substrates (Lys, ␣-ketoglutarate or NADPH for LKR, and saccharopine or NAD ϩ for SDH) were run in parallel. All of these controls showed nearly zero baseline activity. Experiments studying the apparent K m of a given substrate used different concentration of this specific substrate as indicated in the figures. The apparent K m values were determined graphically from double-reciprocal plots of activity against the variable substrate concentration.
